Solid-state thermal neutron detectors are desired to replace 3 He tube tube-based technology for the detection of special nuclear materials.
INTRODUCTION
Neutron detectors are required for numerous applications including astronomy, particle physics, homeland security and non-proliferation, amongst others. 3 He has been the workhorse for thermal neutron detectors for the last 50 years; however, it is now in low supply due to increased usage [1] . In addition to the issue with material availability, solidstate thermal neutron detectors have additional advantages over the currently used 3 He gas-based technology in their inherent insensitivity to microphonics, low voltage operation and small device footprint. These recent developments have led to a variety of R&D projects on semiconductor-based thermal neutron detectors. Several different designs of solid-state thermal neutron detectors are currently being investigated [2] [3] [4] [5] [6] . Our design is based on a high-aspect-ratio Si PIN diode pillar arrays filled with 10 B, which we have coined the "Pillar Detector" [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Moving from a gas medium to a solid-state material can dramatically reduce the size of the device by increasing the density of the neutron-absorbing material, which is attractive for hand-held applications. A comparison of the primary detector figures-of-merit for our device (after appropriate scaling) and 3 He tubes is shown in Figure 1 . This paper includes a review of the Pillar Detector design and the fabrication methods used, along with a discussion of alternate methods and the ultimate performance.
NEUTRON CONVERSION MATERIALS
Thermal neutrons have a low probability of interacting with conventional semiconductor materials. An early approach for solid-state thermal neutron detection is to coat a semiconductor material with the thermal neutron absorber/converter material [17] . There are numerous figures-of-merit that need to be evaluated when comparing neutron-sensitive materials, including the energy of the neutron interaction (Q value), the thermal neutron cross-section and the additional energy dispersed during the interaction of neutrons with the material. For instance, in the case of gadolinium, the thermal neutron cross-section is 49,700; however, the reaction byproducts include electrons, x-rays, and gamma-rays, which can impact the noise within the device. Because of this fact, Gd is sometimes not considered optimal for thermal neutron conversion.
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PILLAR STRUCTURED THERMAL NEUTRON DETECTOR
Using a three-dimensionally integrated approach, very high detection efficiency is possible because the geometrical constraints on the converter material thickness and the resulting range of the energetic ions are decoupled [11] , as shown in Figure 3 . First, the thermal neutrons are converted to energetic ions by a material with a high thermal neutron cross-section. 10 B is used (its cross-section for thermal neutrons is σ = 3,837 barns), resulting in the following reaction: n + 10 B α + 7 Li. Here the 10 B thickness is defined by the pillar height (etch depth) to absorb the thermal neutrons. About 50 µm of 10 B is needed to absorb most of a thermal neutron flux. Second, these energetic ions are collected using a semiconductor diode. The pillar pitch of 4 µm is defined lithographically to allow a high probability of interaction of the energetic ions with the semiconductor pillar. An efficiency of 20% [32] has been achieved with an array of etched Si pillars with 13:1 aspect ratio (2 x 2 µm 2 pillars with a 26 µm height and a separation of 2 µm) on a planar silicon substrate, arranged in a square matrix. One added benefit of this high-aspect-ratio design is that the so-called "streaming" of neutrons becomes negligible. When the 3-D Pillar Detector is scaled to 50 µm, a high-efficiency device (>50%) is predicted, with a large neutron to gamma discrimination of 10 5 [10, 11] . 
FABRICATION PROCESS AND CHALLENGES
The fabrication approach was developed to be wafer-scale-batch compatible and leverage commercial silicon processing techniques as much as possible. This section outlines an overview of the wafer specifications and processing flow with the subsequent subsections going into detail into specific boron deposition options, boron processing, and large-area fabrication and ongoing challenges. The fabrication process begins by epitaxially growing p+ and i layers on an n+ silicon substrate by chemical vapor deposition; alternatively, the PIN structure can be defined by utilizing float zone silicon with ion implantation. The pillar diameter and spacing are then defined lithographically, followed by plasma etching to create high-aspect-ratio structures utilizing an SF 6 -based approach ( Figure 4a) . A conformal coating of 10 B is then deposited on the pillar array by chemical vapor deposition. The ability to deposit a conformal and uniform coating of 10 B [12] is one of the key steps to the success of the detector ( Figure 4b ). Next, the "etch-back" is carried out using a Plasmaquest electron cyclotron resonance etching (ECR) [13, 14] to expose the p+ layer for uniform contact formation [15] . Lastly, after the planarization of the sample, aluminum is sputtered onto the structures to fabricate the electrodes (Figure 4c ). 
Boron Deposition
Low-pressure chemical vapor deposition (LPCVD) is an attractive process to produce conformal thin films because it has the ability to coat substrate topographies (high-aspect-ratio trenches) uniformly and conformally [12, 18, 19] unachievable by most line-of-sight deposition techniques [20, 21] such as e-beam and thermal evaporation. Growth kinetics data for the pyrolysis of 10 B enriched CVD precursors in different reaction temperature zones is crucial to determine the deposition parameters to conformally coat high-aspect-ratio pillar substrates with 10 B films. For CVD reactions, there are two general types of reactions, as shown in Figure 5 : 1) heterogeneous reaction in which the reaction happens preferentially on substrate surfaces and 2) homogeneous reaction in which the reaction occurs between the precursor molecules in the gas phase. For conformal coating, the thermal CVD deposition temperature should be preferentially chosen such that the reaction temperature is high enough to minimize incomplete decomposition of the precursor [22] but low enough to minimize homogeneous precursor decomposition and hence promote film growth on the surfaces, Figure 6 . Experimentally, the temperature range to achieve these conditions is 425-475 °C for LPCVD.
The success for the development of a CVD conformal coating process also depends on the choice of a suitable precursor. Possible chemical precursor choices include decaborane, diborane [23] , pentaborane, trichloroborazole, trimethoxyborozole, trimethylboron and borazine [24] [25] [26] . The empirical equation for the decomposition of decaborane is shown below. Other approaches for the deposition of 10 B films exist, as well. For example, cathodic arc deposition has been examined for the pillar structure [27] , with the ability to coat 6 µm tall pillars (3:1 aspect ratio). This technique, however, is limited by formation of voids and sputtering of Si pillars. It appears unsuitable for deposition at higher aspect ratios. Electrophoretic deposition of B films for synthesis of MgB 2 superconductors has also been demonstrated [28] .
Boron Etching
In order to realize the Pillar Detector, it is necessary to develop a controllable, repeatable boron etch process that yields a planar final morphology without damaging the underlying Si pillars. Previous plasma etching of boron has been performed using H-, Cl-and F-based plasmas for cleaning of thermonuclear fusion reactor chambers [29] [30] [31] . Rates realized in these processes are extremely low. High-density electron cyclotron resonance (ECR) plasma etching using both CF 4 based and pure SF 6 based plasmas to etch 10 B thin films was developed [13] . Fluorine based etches produce the energetically favorable and volatile BF 3 etch product, while the use of Cl 2 based etches would result in the easily dissociated BCl 3 product. The use of an ECR allows for rapid etch rates due to the high ion and radical density as well as the decoupled control of the plasma and RF powers. The use of SF 6 to achieve rapid etch rates with high selectivity to the underlying Si pillars was further examined, with the addition of H 2 and O 2 gases, because Si readily etches in Fbased chemistries [14] . The use of O 2 in a ratio of 1:2 SF 6 :O 2 was found to result in rapid removal of 10 B, with an etch rate in the range of 0.5-1.2 µm/min, depending on etch parameters. Using this chemistry, there is a negligible etching of the Si pillars, which yields flexibility in etch time duration for device fabrication. Figure 7 shows the pillar tops after (a) over-etching with only SF 6 (poor selectivity) (b) over-etching with 1:2 SF 6 :O 2 and (c) a well-timed etch with 1:2 SF 6 :O 2 . It can be observed that for (a) the Si is recessed within the 10 B coating, while for (b) the Si protrudes from the surface. The performance of the nine-element detector was determined by measuring both the current-voltage characteristics and thermal neutron response. This is shown in Figure 11 [31] . The neutron measurement was done using a A nine-channel portable readout chain was built using a custom design based on a well-known topology [33] that includes the charge sensitive preamp, shaping amplifier, low-level discriminator and driver circuit for TTL output. Figure 12 shows a picture of a 3 x 3 array of detectors integrated into the nine-channel readout system and the efficiency of the detectors being used. The fast shaper uses a semigaussian, fourth-order bipolar shape with 250-ns peaking time, which was chosen to minimize the dominant noise component, the noise associated with the detector's dark current. Bipolar shaping poses a penalty to the white (high-frequency) noise components but is more tolerant to the lower frequency components [33] and offers intrinsically better baseline return than unipolar signals, mitigating the need for a baseline restoration circuit. Additional logic gates combine the event detection signals from any of the nine channels to give an overall detection rate response or a detection rate per-channel. Multiplicity counting can also be easily implemented by external logic. Using an unmoderated isotropic 252 Cf source with an activity of 5x10 5 n/s placed 7.5 cm from the nine-element detector with 5 cm of high-density polyethylene above and below, a count rate of 6 cps was obtained. Subsequently, an ASIC was designed to implement the readout functionality with 8 channels in a 4.2 x 4.2 mm 2 area. The ASIC implementation combined with the Pillar Detectors is expected to provide a compact, low power, scalable alternative to 3 He tubes for handheld applications. The detection efficiency for a solid-state neutron detector is determined by the counts above the threshold energy divided by the number of incident neutrons. To extrapolate the potential efficiency of the Pillar Detector 3-D numerical simulations were performed [11] . These simulations included MCNP for the neutron histories, SRIM for the energy loss for alpha and 7 Li in both the 10 B and Si portions of the detector, along with 3-D finite element TCAD software package (Silvaco's Atlas) to calculate the transport of the electrons and holes generated by the alpha and 7 Li particles in the Si diode portion of the detector. Figure 13 shows a general trend of how efficiency scales with pillar height and agrees with our experimentally obtained efficiency numbers showing the ability for the Pillar Detector to scale to higher efficiencies. 
CONCLUSION
We have shown that semiconductor-based neutron detectors can be a 3 He replacement for small-form-factor applications. Silicon is an ideal material system for electron/hole collection, and 10 B is an ideal neutron conversion material due to its high thermal neutron cross-section and compatibility with silicon foundry processing. The critical process steps for this structure include the deposition and etching of 10 B. Chemical vapor deposition has been successfully developed for high-fill-factor conformal coating on high aspect ratio structures while plasma etching of the 10 B has been developed using a fluorine-or chlorine-containing mixtures. High-aspect-ratio structures of 2 µm x 2 µm pillars, with a 4 µm pitch achieves 20 % thermal neutron detection efficiency, and we have shown how this structure can be scaled to high efficiency. By increasing the pillar height a 50 % efficiency device is possible.
